ABSTRACT When the inner insulation of oil-impregnated paper bushing breaks down in service, gases decomposed by oil and paper may cause an explosion. The explosion of bushing occurs from time to time because of the lack of an effective monitoring method. In order to provide an effective online monitoring method for the bushing to avoid explosion, this paper presents a method to monitor the PD defect in bushing by measuring the inner pressure of bushing. In this paper, the relationship of variation between characteristic gases content and inner pressure is studied, the effect of inner temperature on inner pressure is analyzed and the method for reducing this effect is also presented, and the monitoring method is proved to be useful by PD tests on a real bushing. The results show that the inner pressure increases obviously due to the generation of characteristic gases by internal discharge in oil-impregnated paper bushing, and the pressure increases with the deterioration of the discharge; although the inner pressure has a great influence on the inner pressure, the influence can be reduced or eliminated greatly by the method of common-mode rejection. According to the results, the internal discharge defect of the oil-impregnated paper bushing can be detected by monitoring the pressure, and the bushing explosion can be avoided.
I. INTRODUCTION
Oil-impregnated paper bushing is an important part of a transformer. When there is an internal discharge fault in bushing, not only the bushing itself and transformer will be damaged, but also the nearby facilities may be damaged by the further explosion. Therefore, detecting the condition of bushing is significant for the power sector. At present, the condition of bushing is mainly detected via routine tests, such as insulation resistance test, dielectric loss test, capacitance test and dissolved gases analysis (DGA) [1] . However, routine tests are carried out once every three to five years, the condition of the bushing during operation is hard to control. In this period, explosion may happen accidentally when discharge defect appears. In order to avoid the explosion, power sectors try to carry out DGA for running bushing. Nevertheless, a new problem of oil shortage may be caused by multiple sampling
The associate editor coordinating the review of this manuscript and approving it for publication was Igor Bisio. due to the small oil volume in bushing. In addition, the realtime monitoring cannot be fulfilled. In order to avoid the fault of bushing during operation, on-line monitoring technologies such as neutral point monitoring method [2] - [4] , dielectric loss (capacitance) monitoring method [5] - [10] and PD monitoring method [11] - [17] were widely studied.
However, the current on-line monitoring methods mentioned above have some problems such as:
(1) the voltage, current and PD signals monitored in these methods are weak so that they are susceptible to be interfered by strong electromagnetic fields in substation.
(2) the bushing tap is needed to be retrofitted, which may cause poor grounding to affect the safe operation of the bushing.
(3) the condition evaluation and warning of transformer bushing using the above methods are required to be further studied.
Anyhow, the present on-line monitoring technologies are not applied widely in China. The transformer bushing cannot be availably monitored and the explosion shown in figure 1 still happens occasionally.
Although the bushing of transformer is not expensive, the explosion may cause huge economic loss due to fire disaster, damage of transformer and power outage. And the economic loss caused by transformer bushing increases with the voltage level.
With the development of UHV transmission project in China, the status of UHV transformer as a core equipment is very important. The UHV transformer bushings mostly are oil-paper type, and if the bushings explode because of discharge, the entire UHV transmission network will be greatly affected. So, the condition monitoring of oil-paper bushing becomes very important.
This paper studies the variation of the inner pressure of transformer bushing with the deterioration of discharge defect, and presents a condition monitoring method based on the inner pressure of bushing. It is of great significance for preventing bushing from fatal explosion accident.
II. THE PRINCIPLE OF THIS METHOD
The characteristic gases such as H 2 , CH 4 , C 2 H 6 , C 2 H 4 , C 2 H 2 , CO and CO 2 are able to be generated by oil-paper insulation system under the effect of discharge. One part of these characteristic gases is dissolved in oil, and the other part of them is dissociated from the oil. The dissolved and dissociated parts eventually reach to equilibrium. Under the state of equilibrium, relation of the dissolved and dissociated gases is expressed by Ostwald coefficient k i as follow:
where, C oi is the concentration (µL/L) of characteristic gas i dissolved in oil under the state of equilibrium; C gi is the concentration (µL/L) of characteristic gas i above oil. According to the IEC60599-2015 [18] , the Ostwald coefficients of each characteristic gas in mineral insulating oil are shown in table 1.
As a closed rigid system, a transformer bushing is not fully filled with insulating oil, and there is a space at the top of the bushing. The simplified diagram of bushing is shown as figure 2 (the conductive rod and paper insulation are not drawn in the figure). When partial discharge generated in bushing, some characteristic gases escape from the oil although the rate of gas production is slow. If there is serious discharge defect like arc discharge in bushing, most of the characteristic gas will be released to the space instantly instead of dissolving oil. The pressure in the top space of the bushing increases with the characteristic gas generation, and this pressure change is transmitted immediately through oil to the oil drain nozzle located at the flange of bushing. Therefore, it is feasible to monitor the occurrence and development of discharge defect by measuring the oil pressure at the nozzle.
Different types of discharge faults generate different types of major characteristic gases, which are shown in table 2 [19] , [20] .
The volumes of gas side and oil side shown in figure 2 are indicated by V g and V l respectively. The temperature and pressure are T and P 0 . When a characteristic gas generated by discharge reaches solubility equilibrium in insulating oil, the increment in concentration of dissolved gas in the oil is indicated by C oi (µL/L), and the increment in concentration of free gas at gas side, C gi , is as follow:
If the pressure at the gas side is kept as a constant P 0 , the volume increment of the characteristic gas i in the gas side, V gi , is as follow:
The total increment of volume (V ) caused by all characteristic gases at pressure P 0 is as follow:
In fact, the insulating oil in bushing can be considered as incompressible liquid, so the space of the gas side is almost constant. The increase of characteristic gas causes the increase of pressure in the gas side. When the characteristic gases reach dissolution equilibrium, the relationship of pressures before and after gas production is as follow:
According to equations (4) and (5), the increment of pressure in bushing is as follow:
It is known from (6) that the increase of pressure in bushing can be evaluated by content of characteristic gases dissolved in the insulating oil.
III. EXPERIMENTAL VERIFICATION FOR PRESSURE INCREASE CAUSED BY CHARACTREISTIC GASES
Insulating oil samples without and with characteristic gases are injected to several sealed containers respectively, and the pressures in containers are measured to verify the feasibility of the method proposed in this paper. The experimental equipment is shown in figure 3 . 
A. SAMPLES
According to the Ostwald coefficient in table 1 and equation (6), the increment of pressure in sealed container, which contains insulating oil with certain concentration of characteristic gas, can be calculated. The results of calculation are shown in table 3. It is known from table 3 that the characteristic gases like C 2 H 2 , C 2 H 4 , C 2 H 6 and CO 2 contribute little to the increment of pressure, while H 2 , CO and CH 4 , especially H 2 and CO, contribute greatly to the increment of pressure.
It is known from table 2, major characteristic gases generated by all types of discharge faults in oil-impregnated paper system are H 2 , CH 4 or CO, which contribute greatly to pressure growth. So the pure insulating oil and three kinds of insulating oils containing 50µL/L H 2 , CH 4 and CO are chosen as samples in this study.
B. TEST PROCEDURE
-Firstly, samples with the same volume were injected into sealed containers shown as 2 in figure III, and certain space was kept at the top container.
-Secondly, sealed containers were put into the thermostatic bath with the temperature of 25 řC.
-Thirdly, pressure meters shown as 1 in figure 3 were used to measure pressures in containers when characteristic gases reached dissolution equilibrium.
C. TEST RESULTS
The test results are shown in table 3.
According to the Chinese standard GB7252-2001 [20] which is not fully equivalent to IEC 60599, the concentration of dissolved characteristic gases in insulating oil before and under the operation of bushing are subject to the requirements shown in table 4.
It can be seen from table 3 and 4 that the pressure in bushing increases significantly when the contents of dissolved characteristic gases increase to attention values, hence the discharge defect can be discovered by detecting the pressure variation in bushing.
IV. ANALYSIS OF THE EFFECT OF TEMPERATURE ON INNER PRESSURE OF BUSHING
For one bushing in operation, its temperature fluctuates with ambient temperature and the current flowing through it. VOLUME 7, 2019 And the effect of temperature on inner pressure of bushing mainly comes from several reasons as follows:
(1) oil volume change due to temperature variation causes the change of gas volume at the top of the bushing, which causes the change of inner pressure.
(2) temperature change of the gas at top of the bushing causes the change of inner pressure.
(3) the change of gas solubility due to change of pressure and temperature leads to the change of gas quantity in the gas side of the bushing, which results in the change of inner pressure.
This paper takes the bushing shown in table 5 as an example to analyze the effect of temperature on inner pressure. In the analysis, some reasonable assumptions can be made as follows:
(1) nitrogen (N 2 ) is the only gas at gas side of the bushing, and it is ideal gas.
(2) volume change of conductor, bushing shell and core caused by temperature are ignored.
When the inner temperature of bushing varies from T 1 to T 2 , the oil levels in bushing are shown as figure 4. In figure 4 , the V a1 and V a2 are gas volumes in bushing at temperature T 1 and T 2 , and the V o1 and V o2 are oil volumes in bushing at temperature T 1 and T 2 .
According to the ideal gas state equation, the relationship between air pressure, temperature and gas volume can be expressed as:
where P 1 and P 2 are pressures of gas side in bushing at temperature T 1 and T 2 ; n 1 and n 2 are amount of substance of gas at temperature T 1 and T 2 .
Bushing is a sealed rigid system, so the relationship between V a1 and V a2 can be expressed as:
where δ is expansion coefficient of insulating oil, 0.0007/K. When the gas-oil system in bushing achieves solubility equilibrium under temperature T 1 and pressure P 1 , the concentration of gas (N 2 ) at gas side can be characterized by C N1 (10 6 µL/L). So the concentration of gas in oil can be expressed as: (9) where C N−o1 is the concentration of gas on oil side; k NT1 is the Ostwald coefficient of nitrogen at temperature T 1 . When the temperature in bushing changes from T 1 to T 2 , the relationship between concentrations of gas in gas side and oil side can be expressed as:
where k NT2 is the Ostwald coefficient of N 2 at temperature T 2 ; C N−o2 and C N2 are concentrations of gas at oil side and air side respectively; V a−o is the volume of N 2 dissolved in or released from oil. Because all volumes of gas used in calculating concentration of gas at air side or oil side are volumes under the condition of standard atmospheric pressure, the gas whether dissolved in or free of oil has the same molar volume. Therefore, the relationship of n 1 and n 2 can be obtained:
In addition, the pressure caused by oil column does not change with temperature variation because the height of oil column and density of oil vary inversely with temperature variation. Therefore, the effect of temperature on inner pressure of bushing mainly comes from the gas side.
From equations (7) to (11), the inner pressure under different temperature can be calculated.
The bushing shown in table 5 is taken as an example to calculate the inner pressure, and the results are shown in table 6. It can be seen from table 6 that the temperature affects inner pressure of bushing greatly. Temperature variation of 1 K causes pressure variation of 669 Pa (about 6.6% of inner pressure) which is close to the pressure variation when H 2 content reaches the attention value. For a bushing in operation, its daily temperature change may be as high as 20K or 30K, and the resulting pressure variation will completely cover the pressure variation caused by small defect.
V. THE MEASURE TO REDUCE THE EFFECT OF TEMPERATURE
For the two same bushings mounted on the same transformer, they have the same circumstance and load current, so their temperature can be considered to be the same at the same moment. Therefore, the method of common-mode rejection can be adopted to reduce the temperature effect on inner pressure of bushing, that is, the differential pressure of two same bushing in the same operation condition are used to reduce the temperature effect.
Two cases are taken as example to analyze the availability of the method.
Case 1: the two same bushings have the same quality of oil.
Case 2: the two same bushings have the different quality of oil because of oil injection error, and there is 1cm difference in oil column height between the two bushings.
According to equations (7) to (11), the variation of differential pressure caused by temperature and characteristic gas can be calculated, and the results are shown in table 7. It can be seen from table 7 that the temperature effect will be eliminated or reduced when the method of common-mode rejection is used.
VI. THE TESTS ON 110KV TRANSFORMER BUSHING
An 110kV transformer bushing with discharge defect was energized with different voltages, and the partial discharge and pressure in bushing were measured at the same time to obtain the pressure change with discharge.
In order to eliminate the effect of temperature variation on inner pressure, a reference busing which was the same as the energized bushing was chosen. Before the test, oil volume and inner pressure of the reference bushing and the energized bushing were adjusted to the same value. If no new gas was produced in the energized bushing, the differential pressure between energized and reference bushings was zero (case 1) at the same moment. 
A. SAMPLES
The bushings in this test are shown as table 8 and figure 5 .
B. PRESSURE METER
Pressure meter used in the test is relative pressure meter, that is, the pressure measured by this meter is the pressure relative to the atmospheric pressure. And this meter can measure pressure from −500kPa to 500kPa with precision of 0.055%.
C. TEST PROCEDURE AND RESULTS
-Firstly, the DGA was carried out on energized bushing before it was energized. The results are shown in table 9, from which we can know that there was a discharge defect in this bushing before test.
-Secondly, high-voltage dielectric loss test was carried out on energized bushing to learn more about the state of this bushing. The results are shown in table 9, which show once again that there was a defect in the energized bushing.
-Thirdly, pressures in both bushings were monitored at oil nozzles during the period when the energized bushing was subject to the PD test. In this procedure, the reference bushing was free of energy. The results are shown in table 10, figure 6 and figure 7 . The increment of pressure in and figure 7 is the differential pressure between the energized bushing and reference bushing. It is can be seen from the test results that the pressure in bushing increases observably with the deterioration of discharge defect.
-Fourthly, the pressure and DGA were tested once again on energized bushing 24 hours after the end of the PD test, and the results are shown in tables 11 and 12.
D. DISASSEMBLING INSPECTION
The bushings in this study have 25 layers of capacitance plates, which are numbered from 1 to 25, and there are 5 layers of insulating paper between every two capacitance plates. The 1 st plate is connected to conductor and the 25 th plate is connected ground. The capacitance plates of the bushings are shown in figure 8 .
According to IEC 60137 [21] , the PD of oil-impregnated paper bushing should be lower than 5pC and 10pC under the voltages of 1.1U m / √ 3 and 1.5U m / √ 3 respectively, in factory test. However, the PD in energized bushing in this study reached 3000pC. The energized bushing was disassembled to find how serious the defect was.
The discharge defect shown in figure 9 was found on the 2 nd and 3 rd insulating paper between the 9 th and 10 th capacitance plates.
E. ANALYSIS
By comparing the pressure at the end of the PD test with the pressure 24 hours after the PD test, it can be considered that the discharge defect occurred inside the paper insulation, and the gases generated by the defect moved out of the paper insulation gradually. In addition, the result of disassembling inspection also confirms that the discharge happened at the insulating paper.
Although the oil-paper bushing is designed as non-pressure equipment, it should not be damaged when the inner pressure is lower than 300kPa according to the manufacturing experience in China. At the end of the PD test, the total inner pressure of the energized bushing, including the pressure caused both by oil and gas, reached 11.644kP, which was far from 300kPa. In other word, this pressure was not able to result in explosion of bushing. In addition, for only two pieces of insulating papers were broken down, the energized bushing was far from breakdown.
Therefore, the discharge defect in an oil-paper bushing can be discovered if the inner pressure is monitored during operation.
VII. CONCLUSIONS
According to the study results of this paper, the following conclusions can be drawn:
(1) the characteristic gases generated by discharge in bushing can result in the gradual increment of pressure in bushing. Among these characteristic gases, H 2 and CO make the most of contribution to the increment of pressure.
(2) although the temperature of bushing affects the inner pressure greatly, the differential pressures of two same bushings in the same operation condition can be used to reduce the temperature effect.
(3) the deterioration of discharge defect in oil-paper insulation of bushing can be discovered in time by monitoring differential pressure of two same bushings operating in the same condition. And the explosion accident can be avoided effectively based on the monitoring results. 
